An improvement in molecular phylogenetic inference is usually expected with the elimination of highly variable positions from nucleotide sequences. In this paper, this point of view is addressed through the evaluation of 28s rRNA sequences of vertebrates by the use of the maximum-parsimony method. A tree based on morphological data, which is considered as true, has been used to determine these positions, which are homoplastic. The congruence of the tree constructed after the removal of such positions with the true tree was not better than that of the tree constructed with complete sequences; however, it displayed more multifurcations. The elimination of homoplastic sites appeared to decrease the signal rather than the noise. This is due to the fact that noise is created by multiple changes at a given site only if they occurred within a small time interval; when they occur over a broad time interval they, in fact, provide information. Thus, the global variability of a site is not a reliable indicator of noise.
Introduction
The theoretical progress in methods of phylogenetic reconstruction and the increasing number of available characters (especially from molecular data) have yielded many new and significant phylogenetic results at various levels of the taxonomic hierarchy. However, some major incongruencies have been detected between molecular data sets (for example, in the universal tree of life [Lake 1987; Woese 1987; Gouy and Li 1989; Iwabe et al. 1989; Forterre et al. 1993; Gupta and Golding 19931) . Molecular and morphological data have also yieldebdiscordant results (for example, concerning the monophyly of Metazoa [Field et al. 1988 [Field et al. , 1989 Patterson 1989 ; for review see Adoutte and Philippe 19931 or the monophyly of Rodentia [Graur, Hide, and Li 1991; Hasegawa, Cao, and Adachi 1992; Luckett and Hartenberger 1993; Cao et al. 19941) . Homoplasy is often, but not always, invoked to explain the lack of resolution and the unreliability (or the incongruency) of phylogenetic trees. Homoplasy is the final result of convergence and reversion. Two species will share the same character state (for example, the same nucleotide at a given site) not because it is inherited unchanged from a common ancestor but as the result of multiple independent events. Farris (1969) clearly explained that characters which undergo only one change of character state within the analyzed set of data are perfect phylogenetic indicators and that the more the changes occur, the more the phylo-genetic information is perturbed. A measure of the extent of homoplasy is therefore generally regarded to define a measure of the quality of the data set and, consequently, is taken as a measure of the validity of the phylogenetic inference in cladistic analysis. The most common measure of homoplasy is the consistency index (CI), which is equal to the minimum number of steps required by the data divided by the number of steps in the most parsimonious tree (Kluge and Farris 1969) . Thus, in a data set in which each character has undergone a single change, the CI will equal 1 while in a data set with multiple changes of individual character states, one expects the CI to decrease proportionally. However, several authors have proved that the CI shows negative correlation with the number of taxa in the data set (Archie 1989; Sanderson and Donoghue 1989) and with the number of characters used (Archie 1989) . As a result, CI cannot be used to compare different data sets. Thus, CI is an index of limited utility, although it is logical that CI decreases with increasing number of taxa (Goloboff 1991) . Numerous other criteria have been proposed to measure homoplasy: the F-ratio (Farris 1972) , the D measure (Brooks, O'Grady, and Wiley 1986) , the retention index (RI) (Farris 1989) , the apparently equivalent homoplasy excess ratio (HER) (Archie 1989) , and the homoplasy slope ratio (HSR) (Meier, Kores, and Darwin 1991) . At this time, however, no criterion seems to have replaced CI in general usage by the systematists because of "both its simple calculation and its intuitive appeal" (Klassen, Mooi, and Locke 1991) .
Weighting schemes have been proposed in order to minimize the impact of homoplasy on phylogenetic reconstruction. The basic premise is that a character which exhibits a high level of homoplasy should be assigned a low weight in cladistic analysis. Indeed, the principle of subordination of characters (Jussieu 1789; Cuvier 1817), according to which characters exhibiting a high level of changes should be given less weight than conserved ones, was the first application of this principle in taxonomy, though the concept of homoplasy had not been elaborated yet. Numerous recent studies deal with character weighting, both a priori (Simpson 1962; Hecht 1976; Hecht and Edwards 1976; Penny and Hendy 1985, 1986; Neff 1986; Moody and O'Nolan 1987; Bryant 1989; Sharkey 1989 ) and a posteriori (Hennig 1966; Farris 1969; Wheeler 1986; Williams and Fitch 1989, 1990; Fitch and Ye 1991) . These methods have been criticized for their subjectivity and for their circularity, respectively (Cain 1959; Neff 1986; Mayr and Ashlock 199 1; Panchen 1992) , and none of them appears to be widely used.
While numerous publications deal with the measurement of homoplasy and character weighting, few studies have examined the impact of homoplasy on phylogenetic inference obtained from real molecular data. The present paper is devoted to such an analysis. We used a data set of partial sequences of 28s rRNA of Vertebrata (Le, Lecointre, and Perasso 1993) to study in detail how homoplasy can perturb phylogenetic reconstruction.
A generally accepted cladogram based on morphological characters (Lauder and Liem 1983; Maisey 1986; Benton 1988 Benton , 1990 ) is used as a "true tree," allowing the comparison, for each position, of the number of steps in the most parsimonious tree and the number of steps in the true tree.
First, no correlation was observed between the global variability of the domains of 28s rRNA and the variability of the corresponding informative positions. Second, the elimination of the most homoplastic characters (on the true tree) did not improve the congruence between the most parsimonious tree and the true tree. This observation can be explained by the low correlation (0.4) observed between the homoplasy index (in reference to the true tree) and the number of extra steps in the true tree. Finally, if all the positions which needed one or more extra steps in the true tree than in the most parsimonious tree were removed, the resulting tree showed more congruence in some areas but less congruence in others. The explanation proposed is that a molecular character generally brings nonhomoplastic information in one area of the tree and homoplasy in another. These findings necessitate a reappraisal both of the impact of homoplasy in molecular phylogenies and of the procedures that are in use to avoid this impact, i.e., weighting techniques and measurement of homoplasy.
Materials and Methods

Sequences
A data set of partial rRNA sequences (comprising 529 positions) from 31 species of Vertebrata (Le, Lecointre, and Perasso 1993) corresponding to 169 informative characters was used throughout this study. To diminish the long-branch-attracting effect (Felsenstein 1978) , seven species were excluded from the initial data set because their evolutionary rates are higher than those of others (Le, Lecointre, and Perasso 1993) .
In addition, several other genes were used. All alignments are available on request from HP Positions which could not be unambiguously aligned were excluded from the analysis. The largest data set was that of the complete conserved domains of the 28s rRNA or LSU (Philippe 1993) with 67 species and 2,005 characters. The following genes were also used: cx-hemoglobin (128 species and 153 characters), P-hemoglobin (138 species and 148 characters), cytochrome b (26 species and 1,140 characters), cytochrome c (86 species and 116 characters), elongation factor EF-lcx/EF-Tu (56 species and 591 characters), small nuclear ribosomal RNA (30 species and 1,618 characters), and small mitochondrial ribosomal RNA (28 species and 937 characters).
Positions displaying a gap, i.e., insertion or deletion events, were considered. An insertion of length n is considered as n characters. However, since this practical gap treatment is obviously loose, analyses were also carried out without positions containing a gap, and the results are almost identical.
True Tree
Since the phylogeny of Vertebrata ( fig. 1 ) is one of the best supported cladograms constructed from morphological characters (Lauder and Liem 1983; Maisey 1986; Benton 1988 Benton , 1990 , it is possible to use it as a "true tree." In this tree, perciformes are paraphyletic, as suggested in Lauder and Liem (1983) . Some points of the "morphological"
cladogram are still debated, such as the monophyly of sharks (here, Chlamydoselachus and Scyliorhinus), the unresolved relationships within percomorphs (in particular the problematic monophyly of perciformes: Perca and Scomber, Johnson 1993) , and the paraphyly of the holosteans (Patterson 1982; Olsen 1984; Maisey 1986; Normark, McCune, and Harrison 1991) . We have also used as a true tree another cladogram containing alternative phylogenetic relationships. The results (not shown) are very similar to those obtained with the cladogram of figure 1, on the basis of which the present study was done.
Computer Analysis
The MUST package (Philippe 1993) was used throughout for sequence alignment (program ED), species and site selection (programs ED, CAFAS, and NET), and formatting of sequences for DNAPARS and HENNIG86 programs (program NET). The most parsimonious tree was obtained with the program HEN-NIG86 (Fart-is 1988) and the option mh*;bb*;nelsen; when the number of characters was less than 500 and with the program DNAPARS (PHYLIP package version 3.3, Felsenstein 1990) otherwise. When several equally most parsimonious trees were obtained, the numbers of steps per position of the different trees were used in each comparison and yielded very similar results. Thus, results presented in this paper were always those obtained with the first most parsimonious tree given by the computer programs. of substitution for all the positions and that for the inmain was the more conserved in the informative posiformative positions. The C2 domain was very conserved tions (2.48 steps per position) whereas it was a globally globally (0.5 steps per position) but its few informative variable domain (1.07 steps per position). As a result, a positions, 11 to 94, were the most variable (3.45 steps negative correlation appeared between the overall rate per informative position). On the contrary, the D8 doof substitution and the mean homoplasy index (i.e., the could be explained by a lack of correlation between the homoplasy index (H,, = N,, -N,) and the effective homoplasy index. Table 2 indicates the distribution of the sites with regard to EH and H,,. The correlation coefficient between H,, and EH was -0.39. When the homoplasy index was calculated versus the most parsimonious tree, the correlation coefficient between Hmpt and EH was 0.05. These values were very low, despite the fact that the two parameters were linked since one represents N,,, -N,, and the other represents N,, -N,,, (or Nnlpt -N,). The same variable appeared simultaneously in the two parameters.
The positions for which H,, = 6 and H,, = 7 gave a sum of EH of zero, i.e., (1 * 1) + (-1 * 1) + (0 * l), and the positions for which H,, = 2 and H,, = 3 gave Critical Study of Homoplasy 1179 a sum of EH of -17, i.e., (1 * 1) + (0 * 14) + (-1 * 8) + (1 * 1) + (0 * 7) + (-1 * 11). This decoupling of homoplasy and effective homoplasy was striking, and explained well the result found above. In fact, the removal of the most homoplastic characters did not mean that sites with negative EH are removed.
Removal of the Sites in Contradiction with the True Tree Do positions with negative effective homoplasy prevent us from finding the true tree? Without the 28 positions of this type, 21 most parsimonious trees were obtained, giving the strict consensus tree in fig. 4 . In view of the way the sites were selected, one would have expected a better congruence with the true tree. The phylogeny of teleosts obtained was thus identical to the results drawn from morphological characters, but, strikingly, numerous aspects were very different from those in the true tree, such as the position of Amia at the base of neopterygians, that of Acipenser far from the neopterygians, Chlamydoselachus appearing as a sister group of the genus Raja and the polyphyly of the tetrapods. These results were rather surprising since the two first points of disagreement (branching points of Amia and Acipenser) were not noted when all the sites were used ( fig. 2) .
In summary, without the sites having negative effective homoplasy, 19 nodes were in congruence with Lophius piscatorius .
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-Strict consensus tree obtained using HENNIG86 (options: mh*;bb*;nelsen;) from the 141 informative characters displaying a number of steps in the most parsimonious tree equal to or higher than those in the true tree. Twenty-one equally most parsimonious trees required 381 steps (CI = 0.61 and RI = 0.73). Although all the positions requiring fewer steps in the most parsimonious tree than in the true tree are removed, this tree displays major discrepancies with the true tree with regard to the nonmonophyly of Lissamphibia, Tetrapoda, and Sarcopterygii and the branching point of Acipenser. Nevertheless, the teleostean phylogeny is exactly the same as that obtained with morphological characters. Removing the sites contradicting a given tree improves the topology of this tree only in one area and leads to more divergent topologies elsewhere.
1180 Philippe et al. the true tree, 6 were not, and 3 were unresolved. Thus, removing the positions in contradiction with the true tree improved the congruence with the true tree by only one node. This must mean that the positions which contradicted the true tree also contained information which supported the true tree at some other place within the most parsimonious tree obtained. The removal of sites with negative EH implied the removal of sites with low levels of homoplasy and thus with important phylogenetic information (table 2) .
Strong Decoupling of Molecular Events in Two Sister Groups
In general, a site can contribute reliable information as well as noise. A particular site can give reliable information for one area of the tree and noise for another. A possible interpretation of these results could be that evolutionary rate varies for such a character. A site may Table 3 undergo multiple changes in one area of the tree (and thus be highly homoplastic) and only one in another area (and thus be fully informative). This hypothesis is testable by simply comparing the numbers of steps per position for two different groups, in particular for two sister groups, i.e., by computing the correlation coefficient between the number of steps in the tree obtained from the species of the first group and the number of steps in the tree obtained from the species of the second group.
This comparison was done for 28s rRNA sequences of the Neopterygii on one hand, and of the Vertebrata minus the Neopterygii on the other hand. In figure 5 the numbers of steps are shown with respect to the true tree. A striking aspect is the small number of positions (19 sites) which are located on the diagonal, i.e., display the same number of steps in the groups, whereas 124 sites are invariable in one group and variable in the other. Various possibilities (table 3) were explored, such as the use of the true tree or the most parsimonious tree, the use or exclusion of the seven fast-evolving species ol Teleostei, and the use of all the positions or only ol informative positions. The correlation coefficient of the numbers of steps in the two groups varies between 0.04 and 0.25. In our data sets, a fast-evolving site in a group often evolves slowly in another group, as already suspected above. Thus, a strong decoupling of molecular events in two groups of species is shown.
Generalization of Regionalization of Homoplasy
We examined the general validity of this result Seven different genes (a-and P-hemoglobins, cyto- . . , . . (table 4) . The correlation coefficient of the number of steps between two groups varies between 0.11 and 0.58, but only between 0.11 and 0.52 when the two groups under study are sister groups. In the latter case, the mean of the correlation coefficients is equal to 0.23 for nine comparisons. Two striking examples are shown in figures 6 and 7 for cytochrome c and complete 28s rRNA, two genes whose functions vary little between organisms. For example, one position in cytochrome c (residue 89 in the human sequence) has undergone 15 substitutions in Metazoa and only 1 in Metaphyta; only 10 positions of the 28s rRNA exhibit 4 substitutions in Eukaryota and Eubacteria, whereas 36 sites exhibit 4 changes in Eubacteria and 0 in Eukaryota, and 21 sites exhibit 0 changes in Eubacteria and 4 in Eukaryota. It should be noted that positions displaying a gap for all the species of either group were excluded from the analysis. In conclusion, the positions which have undergone substitutions in two FIG. 7.-The rows correspond to the number of steps in the most parsimonious eubacterian tree, and the columns to the number of steps in the most parsimonious eukaryotic tree, for the complete 28s rRNA (LSU). The figure presents the number of sites displaying such numbers of steps. For instance, 21 positions display zero events in Eubacteria and four events in Eukaryota.
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sister groups are not the same. As a result, positions displaying homoplasy in one group and reliable information in another are frequent.
Discussion
A true morphological tree of a set of vertebrates was used to select the molecular characters which display a high level of homoplasy or negative effective homoplasy.
Most parsimonious trees were constructed without these sites. This is clearly a circular process, with a view to obtaining the true tree. However, the resulting trees did not display more nodes in congruence with the true tree (17 in fig. 3 or 19 in fig. 4 versus 18 in fig. 2 with the whole sites), but they displayed a higher level of unresolved nodes (seven or three unresolved nodes versus one) and, always, a significant number of incongruencies (four or six nodes versus nine). To explain that a circular process does not lead to the expected result, we invoke a strong decoupling of molecular substitutions in two sister groups. Among cladists who use morphological characters, the process of "checking, correcting and rechecking" (Hennig 1966 ) is commonly applied to deal with homoplasy. Indeed, it is clear that some convergent character states may show some significant structural differences, and can be distinguished through a new analysis. But it is impossible to apply this procedure to molecular data because only four possible states exist (plus one for the gap) and convergences are very likely. Thus, cladists using sequence data must face homoplasy and deal with it by attempting to reduce its effects on tree construction.
When one decides to study a phylogenetic problem with molecular data, the choice of the genes or the domains to be sequenced is an important factor. Conserved regions allow an easy and unambiguous alignment but necessitate the use of long sequences. Divergent regions can yield the same number of informative sites with the use of shorter sequences, but an alignment, which must be reliable and unambiguous, becomes more difficult and often implies the exclusion of the most variable parts for phylogenetic analysis. One may assume that the sites within the conserved domains evolve slowly and thus bring more reliable phylogenetic information than sites of divergent domains. Clearly, for the sequences of 28s rRNA analyzed here (table 1) no correlation appears between the overall variability of a domain and the variability of informative positions. Thus, the quality of the phylogenetic information is globally the same whatever the overall variability of the region. Indeed, although choosing an overly variable region might give misleading results, choosing a conserved region in the hope of limiting homoplastic sites is not justified by our findings. Therefore, the choice of a region should not be based on a presumed correlation between the global variability and the site variability.
The number of steps for a character is widely used as a good indicator of the reliability of phylogenetic signal. However, it appears that the sites with the highest homoplasy index (H,, = 6 and 7 extra steps) are generally appropriate phylogenetic indicators with regard to the true tree whereas sites with 2 and 3 extra steps strongly support the most parsimonious tree, a tree appreciably different from the true tree (table 2) . A character may contain reliable phylogenetic information whatever the number of extra steps it requires. As a result, discarding the more variable characters leads to an increase in the number of multifurcations, demonstrating that information was lost.
Thus, the more a character changes the more it is subject to homoplasy, but also the more information it potentially contributes. This information is probably easy to interpret when the number of taxa is appreciably greater than the number of events (i.e., nucleotide changes). As the number of species in this study is 31 and the maximal number of extra steps is 7, it is not surprising that the more variable sites can carry a reliable signal. When the number of species is drastically decreased, this information is likely to turn into noise. This yields an interpretation of the unreliability of phylogenies inferred from four species (Philippe and Douzery 1994; Hasegawa and Adachi 1996) .
In our sample, only 50 of 169 informative sites display a single change. In addition, these synapomorphies mostly define monophyletic groups for which no closely related taxa are available: 12 sites for petromyzontids, 11 for eutherians, 7 for cladistians, 5 for osteoglossids, and 4 for salmonids. Only 14 other sites define larger monophyletic groups. Only one position supports neopterygians and none supports chondrichthyans although these nodes are well supported by bootstrap analysis (Le, Lecointre, and Perasso 1993). In addition, no such characters support the monophyly of lissamphibians, tetrapods, or choanates. Thus, a large number of sequences are needed to find such synapomorphies, but within such a group of sequences, the majority of sites will contain homoplasy. As a result, resolving difficult nodes requires above all the gathering of information for the fast-evolving sites rather than the counting of the synapomorphies in slowly evolving sites. Removal of the sites for which more steps are required in the true tree than in the most parsimonious tree does not result in the true tree, although one would expect, through this circular procedure, to rediscover the true tree. This is simply because a new most parsimonious solution has been found by loss of congruence of characters. The phylogenetic analysis is not, mathematically, a linear system, and thus a circular procedure has a low probability of providing the expected result. The corresponding trees (i.e., the 21 most parsimonious trees obtained with the 141 positions which required as many or more steps in the most parsimonious tree of fig. 2 than in the true tree) required between 5 16 and 5 19 steps for the whole sequences, whereas in this case the most parsimonious trees required only 502 steps. Thus, the characters which contradict a given tree nevertheless bring strong support to this tree because they eliminate, by congruence, many other possible trees.
Evolution of Sites by "Bursts"
A lack of correlation between the numbers of steps calculated at the same nucleotide sites for two distinct taxonomic groups may be due to two'possible artifacts:
. Inaccurate estimates of the number of steps (for example, due to incorrect taxonomic sampling). However, the comparisons in tables 3 and 4 were carried out with couples of groups of very different taxonomic levels (mammals, amniotes, vertebrates, metazoans, ciliates, Eubacteria, or Eukaryota) and of various numbers of representatives.
In addition, by using two disjointed groups representing a bipartition of one monophyletic group, it is possible to measure the extent of the impact of inaccurate estimates. Six comparisons were carried out (table 5) in which the number of available species is large. The correlation coefficient varies from 0.69 to 0.91, much greater than 2.
when two sister groups (tables 3 and 4) are tested with the same gene (0.11 to 0.52). This shows that stochasticity cannot fully explain the low correlation, although its importance has been shown. Changes of the function of the gene. However, all the genes used in this study (rRNA, elongation factor, hemoglobins, cytochrome b and c) indisputably have the same or very similar functions in all species. Moreover, a very low correlation coefficient, 0.43, is obtained with the third base of the codon in cytochrome b (table 4) . In this case, the mutations are almost neutral and the result cannot be interpreted as a change in function.
The low correlation between two sister groups is therefore actually due to the fact that the sites which evolve quickly in one group generally evolve more slowly in the other group.
The covarion model offers an explanation of these results. Fitch and Markowitz (1970) defined covarions as follows: "We term the codons at any one instant in time and in any gene for which an acceptable mutation is available as the concomitantly variable codons." Furthermore, the persistence of covarions is "the likelihood that a covarion will lose its variable status" (Fitch 197 1 b) . Let us suppose that the persistence of the covarions is weak. They will therefore be likely to change through time. In this case there will be low probability for a site to be variable simultaneously in two sister groups, as observed in the various genes analyzed here.
Some positions free to vary could become invariable when a slight change in function or in tertiary structure occurs (Zuckerkandl 1976a (Zuckerkandl , 1976b . The persistence of covarions will be lower as the molecule can easily undergo such changes. When a molecule interacts with several different proteins (for example, rRNA or elongation factor), one can consider that several tertiary structure changes are possible without affecting the
